Introduction {#S0001}
============

In patients undergoing percutaneous coronary intervention (PCI), ischemic events often occur, as a result of in-stent restenosis (ISR), with the incidence of 5%-15%, despite the dual antiplatelet therapy (DAPT).[@CIT0001]--[@CIT0005] ISR limits the long-term success rate of stents through the recurrence of symptoms and the necessity of repeated vascular reconstruction at the treatment site. We have learned important lessons about the underlying pathophysiology of ISR from autopsy and animal studies. Coronary angioplasty inevitably leads to endothelial denudation, which leads to the disorder of structural integrity in the wall of the diseased artery and the important change of mechanical environment. Within a few minutes, the injured area of the balloon was covered by platelets and leukocytes. After 24--48 hrs, the release of chemokines and mitogen leads to the activation and proliferation of vascular smooth muscle cells. VSMC migrated from medium to intima and changed from contraction to synthesis phenotype 4--14 days after injury. 14 days to 3 months after PCI, VSMC proliferation and extracellular matrix protein deposition resulted in intimal thickening, intimal hyperplasia and ultimately ISR. Macrophages and lymphocytes continued to exist in the stent vessels for more than 3 months. In general, it takes about 6 months for the stent to heal completely.[@CIT0006] The *CYP2C19* gene encodes the hepatic enzyme cytochrome P450 (CYP), which transforms the inactive prodrug clopidogrel into the active forms.[@CIT0007],[@CIT0008]

Clopidogrel is an inactive prodrug that requires liver activation by the cytochrome P450 enzyme complex, with CYP2C19 being one of the main enzymes involved in this process.[@CIT0009] At least 34 allelic variants of human *CYP2C19* have been defined by the Human CYP Allele Nomenclature Committee. Genetic polymorphisms in the *CYP2C19* gene have been shown to contribute to alterations in enzyme activity. The variation of cytochrome P450 and paraoxonase can lead to the change of enzyme activity, especially the mutation of *CYP2C19\*2, CYP2C19\*3*. Patients carrying *CYP2C19\*2* (c.681G\>A; rs4244285) and *CYP2C19\*3* (c.636G\>A; rs4986893), which are called *CYP2C19* loss-of-function (LOF) allele (s), are less sensitive to clopidogrel, while prone to suffer from ischemic events when receiving DAPT after PCI. Mutations in *CYP2C19\*2, CYP2C19\*3*, may cause different clopidogrel responses and increased incidence of thrombotic events.[@CIT0008],[@CIT0010]--[@CIT0012]

A variety of factors contribute to the occurrence of ISR after vascular intervention, including de novo in-stent atherosclerosis and neointimal hyperplasia due to extracellular matrix deposition.[@CIT0004] Early experimental studies indicate a strong association between the platelet and the neointimal proliferation, involving the platelet receptor P2Y12, which can be inhibited by clopidogrel.[@CIT0013]--[@CIT0015] Recent clinical studies show an association between the *CYP2C19* polymorphism and the high post-treatment platelet reactivity (HPPR).[@CIT0016],[@CIT0017] HPPR has been also correlated with the ISR risk,[@CIT0018],[@CIT0019] suggesting an interaction between the *CYP2C19* polymorphism and the ISR development. Specifically, several studies have linked the *CYP2C19* LOF alleles to the increased risk of post-stenting ISR.[@CIT0020],[@CIT0021] It has been shown that the impacts of *CYP2C19* LOF alleles could be partially compensated by increased clopidogrel dose.[@CIT0022],[@CIT0023] Whether this approach could reduce the risk of ISR remains unclear. However, several studies have failed to verify the relationship between the *CYP2C19* polymorphism, HPPR, and ISR,[@CIT0024],[@CIT0025] or the increased clopidogrel dose could reduce the risk of ISR in the *CYP2C19* LOF allele carriers.[@CIT0026],[@CIT0027] In this cohort study, the potential effects of the *CYP2C19* polymorphism and clopidogrel dosing on ISR were investigated.

Materials and Methods {#S0002}
=====================

Study Patients {#S0002-S2001}
--------------

Patients were included in this study for data analysis if they (a) underwent PCI involving implantation of at least one drug-eluting stent between January 2013 and April 2017; (b) received post-stenting DAPT involving aspirin (100 mg daily) and clopidogrel (75 mg once or twice per day); (c) underwent repeat coronary angiography at 3--18 months after the coronary intervention; and (d) were genotyped for *CYP2C19\*2* (c.681G\>A; rs4244285) and *CYP2C19\*3* (c.636G\>A; rs4986893) LOF alleles. This study was approved by the Ethics Committee of Qianfoshan Hospital of Shandong University.

Coronary interventions were performed in alignment with the international guidelines.[@CIT0028]--[@CIT0030] Drug-eluting stent implanted in patients was sirolimus-eluting stent or everolimus-eluting stent. Stent type and usage were carefully determined by experienced interventionist. Decision on the daily clopidogrel doses (75 or 150 mg) was made by physicians, while other medications were prescribed according to the international guidelines.

Data Collection {#S0002-S2002}
---------------

The primary outcome was ISR within 3--18 months from the last stenting. Angiographic restenosis was defined as ≥50% re-narrowing of the vessel diameter, as determined by the coronary angiography. In patients with multiple restenosis, only the restenosis with the most serious degree was recorded.

Genetic Analysis {#S0002-S2003}
----------------

Genomic DNA was extracted from the whole blood of patients before they took the first PCI operation during hospitalization. PCR was used to amplify the gene regions encompassing the LOF alleles *CYP2C19\*2* (681G\>A) and *CYP2C19\*3* (636G\>A). Amplicons were hybridized and genotyping was performed using a kit from Saileqi BIOTECH (Zhuhai, Guangdong, China).[@CIT0031] Patients with no LOF allele were defined as extensive metabolizers (EM); those with one LOF allele, as intermediate metabolizers (IM); and those with both LOF alleles, as poor metabolizers (PMs).

Statistical Analysis {#S0002-S2004}
--------------------

Continuous data were expressed as mean ± SD, or median with interquartile range. SPSS 19.0 software (IBM, Chicago, IL, USA) was used for statistical analysis. Group comparison was performed with the Student's *t*-test, one-way analysis of variance (ANOVA), or the Kruskal--Wallis or Mann--Whitney *U*-test, as appropriate. Ranking variables were compared using the non-parametric test. Categorical data were analyzed using the Fisher's exact test. Multivariate logistic regression was used to test whether *CYP2C19* genotype predicted ISR. For the regression, continuous variables such as age, level of low-density lipoprotein cholesterol (LDL-C), fibrinogen concentration (FIB), international normalized ratio (INR), and interval between last PCI and re-angiography were converted to ranking variables, which were set as dummy variables in the regression analysis. These variables, together with the following variables, were then subjected to the univariate analysis (with ISR as dependent variable): sex; cigarette smoking; drinking; hypertension; diabetes mellitus; coronary artery lesions; number of stents at last PCI; history of myocardial infarction, stroke, atrial ﬁbrillation, and coronary artery bypass grafting (CABG); clinical symptoms including acute coronary syndrome and stable angina; *CYP2C19* genotype; clopidogrel dose; and interaction item of *CYP2C19* genotype and clopidogrel dose. Variables associated with ISR at the *P*\< 0.1 level were subjected to the multivariate logistic regression model. The impacts of *CYP2C19* genotype and clopidogrel dose were further analyzed with the multivariate logistic regression. Odds ratios (OR) and corresponding 95% confidence intervals (CI) were calculated for each variable.

Results {#S0003}
=======

Baseline Characteristics of Patients {#S0003-S2001}
------------------------------------

Initial screen was conducted in a total of 1214 patients who underwent repeat coronary angiography. Out of these, 111 patients (51 EM and 60 IM patients) received DAPT of aspirin (100 mg) and clopidogrel (75 mg once or twice per day) after stenting and were genotyped for *CYP2C19\*2* and *CYP2C19\*3* alleles. PM patients were not included since they received ticagrelor instead of clopidogrel as standard clinical practice in our hospital. EM patients took clopidogrel at the dose of 75 mg once each day. Among the 60 IM patients in the final analysis, 27 cases took clopidogrel at the dose of 75 mg once each day (designated as IM75), while the remaining 33 cases took clopidogrel at the dose of 75 mg twice each day (designated as IM150). The three cohorts were generally balanced in the baseline characteristics ([Table 1](#T0001){ref-type="table"}), except for the significantly higher FIB in the IM75 cohort (compared with the EM and IM150 cohorts) and the lower INR in the EM cohort (compared with the IM75 and IM150 cohorts).Table 1Baseline Demographic and Clinical Characteristics of Patients Stratified by *CYP2C19* Genotype and Clopidogrel DoseTotalEMIM75IM150*P*Person, n111512733Clopidogrel, mg/day--7575150Age, yr66(59, 72)66(61, 70)68(56,76)64(53.5,72)0.356Males70 (63.1)36 (70.6)13 (48.1)21 (63.6)0.155Risk Factor Smoking51 (45.9)22 (43.1)10 (37.0)19 (57.6)0.254 Drinking24 (21.6)14 (27.5)6 (22.2)4 (12.1)0.243 Hypertension75 (67.6)35 (68.6)19 (70.4)21 (63.6)0.869 Diabetes mellitus35 (31.5)20 (39.2)5 (18.5)10 (30.3)0.175Previous Conditions Myocardial infarction48 (43.2)20(39.2)15 (55.6)13 (39.4)0.363 Stroke12 (10.8)7 (13.7)3 (11.1)2 (6.1)0.582 Atrial ﬁbrillation6 (5.4)3 (5.9)1 (3.7)2 (6.1)1.000 CABG4 (3.6)1 (2.0)3 (11.1)0 (0.0)0.075Clinical Presentation0.872 ACS72 (64.9)34 (66.7)18 (66.7)20 (60.6) Stable angina39 (35.1)17 (33.3)9 (33.3)13 (39.4)Coronary Artery Lesions^a^0.700 Single, vessel13 (11.7)5 (9.8)3 (11.1)5 (15.2) Double, vessel15 (13.5)9 (17.6)3 (11.1)3 (9.1) Triple, vessel57 (51.4)28 (54.9)12 (44.4)17 (51.5) Left main involved26 (23.4)9 (17.6)9(33.3)8 (24.2)Time from last CAG to reoperation, m8 (4, 12)8 (5, 12)8 (4, 12)8 (3, 11.5)0.514Number of stents at last PCI, n2 (1, 3)2 (1, 3)2 (1, 2)2 (1, 3)0.260LDL-C, mmol/L1.76 (1.47, 2.17)1.99 (1.55, 2.25)1.67 (1.43, 2.1)1.62 (1.26, 2.05)0.54Coagulation Tests PT, s11.10 (10.70, 11.90)11.00(10.50, 11.60)11.40(10.80, 12.00)11.30(11.00, 12.30)0.053 APTT, s28.20 (26.40, 30.80)28.10(25.60, 30.10)27.70(26.00, 32.50)28.60(26.95, 31.40)0.330 FIB, g/L2.58 (2.19, 3.08)2.46 (2.21, 3.08)2.89 (2.44, 3.16)2.39 (1.88, 2.79)0.011 INR0.96 (0.92, 1.03)0.95 (0.90, 1.00)0.98 (0.95, 1.02)0.97 (0.94, 1.06)0.027 D-dimer, mg/L0.23 (0.10, 0.40)0.24(0.14, 0.41)0.26(0.10, 0.67)0.18(0.10, 0.27)0.075PLT Characteristics PLT numbers, 10^9^/L208.33±54.57209.55±55.56204.81±48.37209.33±59.140.930 MPV, fl10.50 (9.90, 11.10)10.40(9.70, 11.00)10.70(10.10, 11.60)10.30(9.90, 10.80)0.254 PDW, fl12.30 (11.00, 13.60)12.30(10.60, 13.30)12.80 (11.10, 14.10)11.90 (10.90, 13.30)0.333 PCT, %0.22±0.050.22±0.050.22±0.050.22±0.050.982 P-LCR, %28.50(23.30, 33.80)28.30(21.60, 33.30)30.70(25.00, 38.70)26.80(23.45, 32.35)0.267[^1]

Analysis of ISR Rates {#S0003-S2002}
---------------------

The ISR rates for these groups were next investigated. Our results showed that, ISR occurred in 6 EM patients (11.8%), 11 IM75 patients (40.7%), and 2 IM150 patients (6.1%) ([Table 2](#T0002){ref-type="table"}). According to Fisher's exact test, the ISR rate was significantly higher in the IM75 cohort than the EM (OR 5.156, 95% CI 1.638--16.231, *P* = 0.008) and IM150 (OR 10.656, 95% CI 2.103--54.006, *P* = 0.002) cohorts, while similar ISR rates were observed for the EM and IM150 cohorts (OR 0.484, 95% CI 0.092--2.556, *P* = 0.471) ([Figure 1](#F0001){ref-type="fig"}). These results suggest that more patients in IM75 cohort experienced ISR than the EM and IM150 cohorts, while there was no significant difference in the proportion of patients experienced ISR between the EM and IM150 cohorts.Table 2Occurrence of ISR Within 3--18 Months from Last Stenting in Patients Stratified by *CYP2C19* Genotype and Clopidogrel DosePatient Group, n (%)TotalEMIM75IM150No ISR45 (88.2%)16 (59.3%)31 (93.9%)92(82.9%)ISR6 (11.8%)11 (40.7%)2 (6.1%)19(17.1%)Total51 (100%)27 (100%)33 (100%)111[^2] Figure 1Analysis of ISR rates. Risks of ISR at 3--18 months after stenting were analyzed and compared among the patients without *CYP2C19* LOF alleles treated with 75 mg clopidogrel daily (EM), and the patients with one LOF allele treated with 75 mg (IM75) or 150 mg (IM150) clopidogrel each day.

Risk Factors for ISR {#S0003-S2003}
--------------------

The univariate regression showed that only the interaction between *CYP2C19* genotype and clopidogrel dose had the *P* value less than 0.1. Therefore, the multivariate regression was conducted, with the *CYP2C19* genotype and clopidogrel dose as the variables. Our results showed that the *CYP2C19* genotype was associated with the ISR risk, after adjusting for the clopidogrel dose, i.e., the IM patients had significantly higher risk of ISR than the EM patients (OR 5.063, 95% CI 1.610--15.921, *P* = 0.006). Moreover, the IM75 patients had higher risk of ISR than the IM150 patients (OR 10.656, 95% CI 2.103--54.006, *P* = 0.004). Furthermore, the risks for ISR were similar for the EM and IM150 patients (OR 2.067, 95% CI 0.391--10.917, *P* = 0.393). After adjusting for the genotype, patients with clopidogrel dose at 75mg once each day had significantly higher risk of ISR than those at 75mg twice each day (OR 10.748, 95% CI 2.128--54.297, *P* = 0.004) ([Table 3](#T0003){ref-type="table"}). Taken together, these results suggest that the *CYP2C19* genotype is the risk factor for ISR, after adjusting for the clopidogrel dose.Table 3Uni- and Multivariate Regression Analysis to Identify Predictors for ISR Within 3--18 Months Post-StentingUnivariate AnalysisMultivariate AnalysisOR (95% CI)*P*OR (95% CI)*P*Genotype (EM or IM) × clopidogrel dose (75 or 150 mg/d)2.553 (1.507--4.326)0.0004Genotype (EM or IM)2.074 (0.726--5.929)0.1735.063 (1.610--15.921)0.006Clopidogrel dose (75 or 150 mg/d)0.285 (0.031 −2.59)0.26510.748(2.128--54.297)0.004IM75 vs IM150----10.656 (2.103--54.006)0.004EM vs IM150----2.067 (0.391--10.917)0.393[^3]

Discussion {#S0004}
==========

PCI is not only important in acute coronary syndrome (ACS), but also in stable coronary artery disease (CAD). Although PCI has greatly improved the prognosis of ACS patients, prolonged their life span and improved their quality of life, some patients still suffer from ISR, which may lead to recurrence and poor prognosis. Therefore, ISR has become a common problem in PCI.[@CIT0032] This cohort study provided evidence that the presence of *CYP2C19* LOF allele (s) significantly increased the risk of ISR after PCI or patients taking clopidogrel. Moreover, the IM patients daily taking clopidogrel at 75 mg had higher risk of ISR than those at 75mg twice each day. Our results showed that the risk of ISR could be reversed by increasing the clopidogrel dose.

Clopidogrel is a thienopyridine prodrug, which requires metabolism by cytochrome P450 (CYP) enzymes in the liver to exert antiplatelet effect. And clopidogrel is an inhibitor of platelet aggregation that is used to decrease the risk of myocardial infarction and stroke in patients known to have atherosclerosis. Widely used to reduce the risk of myocardial infarction and stroke in patients with coronary heart disease or cerebrovascular disease or previous heart attack or stroke. Current indications include reduction of atherosclerotic events (myocardial infarction, stroke, vascular death) in patients with atherosclerosis and in patients with acute myocardial infarction or unstable angina.[@CIT0033] Different CYP450 isoenzymes, including *CYP2C19*, CYP2B6, CYP3A4/CYP3A5, CYP1A2, and CYP2C9, are involved in the process of biotransformation of clopidogrel to its active metabolite. Among the enzymes mediating this conversion, *CYP2C19* is dominant for clopidogrel bioactivation and the activity of the *CYP2C19* enzyme is genetically influenced by the gene polymorphisms. The distribution of *CYP2C19* alleles shows wide interethnic differences. The frequencies of *CYP2C19* LOF allele \*2 and \*3 are higher in Asians (with allele frequencies of 29%-35% and 2%-9%, respectively) than Caucasians and Africans (\~15% and \<1%, respectively). Therefore, it is important to study the impact of the variances in *CYP2C19* gene on the antiplatelet effect of clopidogrel in Asians.

A variety of factors contribute to the occurrence of ISR after vascular intervention, including the prolapse of disrupted plaque, elastic recoil of vessel wall, constrictive remodeling, de novo in-stent atherosclerosis and neointimal hyperplasia due to extracellular matrix deposition, and smooth muscle cell hyperplasia.[@CIT0004] Early experimental studies indicate a strong association between the platelet and the neointimal proliferation, involving the platelet receptor P2Y12, which can be inhibited by clopidogrel.[@CIT0013]--[@CIT0015] Recent clinical studies show an association between the *CYP2C19* polymorphism and the HPPR.[@CIT0016],[@CIT0017] HPPR has been also correlated with the ISR risk,[@CIT0018],[@CIT0019] suggesting an interaction between the *CYP2C19* polymorphism and the ISR development. Specifically, several studies have linked the *CYP2C19* LOF alleles to the increased risk of post-stenting ISR.[@CIT0020],[@CIT0021] In the current study, our results were generally consistent with these previous findings.

Our results also suggest that the increased clopidogrel dose can counteract the elevated risk of ISR, in the presence of a *CYP2C19* LOF allele. These results are consistent with a previous study showing that the increases clopidogrel dose can reduce HPPR[@CIT0022],[@CIT0023] and improve the clinical outcomes.[@CIT0034] On the other hand, several studies have failed to verify the relationship between the *CYP2C19* polymorphism, HPPR, and ISR,[@CIT0024],[@CIT0025] and have failed to show that the increased clopidogrel dose could reduce the risk of ISR in the *CYP2C19* LOF allele carriers.[@CIT0026],[@CIT0027] These discrepancies might be attributed to the differences in ethnics, since the distribution of *CYP2C19* alleles might differ between Caucasians and Asians.[@CIT0008],[@CIT0035] Moreover, other factors (such as clinical or demographic characteristics, platelet activity measurement method, and definition of HPPR) may also contribute to the discrepancies.

Platelet P2Y12 plays a role in the vessel wall response to arterial injury and thrombosis.[@CIT0015],[@CIT0036]--[@CIT0038] Inhibition of the P2Y12 receptor is generally believed to be the underlying mechanism for the pharmacological actions of clopidogrel. Insufficient platelet inhibition increases the thrombus formation, inflammatory reaction, neointimal hyperplasia, and atherosclerosis, and therefore aggravates the restenosis.[@CIT0019] There are also several limitations of this study, including the limited sample size and the observational retrospective study design. In addition, the measurement of platelet in response to clopidogrel was not included, and the PM patients were not involved herein, either. Therefore, further in-depth studies are still required to confirm whether the platelet reactivity mediates the observed relationship between the *CYP2C19* polymorphism and the risk of ISR.

Conclusion {#S0005}
==========

Our results showed that *CYP2C19* polymorphism was associated with the ISR after PCI. Moreover, the increased dose of clopidogrel could reduce the risk of ISR after PCI in the *CYP2C19* LOF allele (s) carriers. According to our data, double-dosed clopidogrel is recommended to patients carrying *CYP2C19* LOF allele (s) to reduce the risk of ISR after PCI. These findings might contribute to the understanding of the pathogenesis and the clinical treatment of ISR after PCI.
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[^1]: **Notes:** Data were expressed as mean ± SD, n (%) or median (interquartile range), unless noted otherwise. ^a^Based on angiography diagnosis.

    **Abbreviations:** ACS, acute coronary syndrome; APTT, activated partial thromboplastin time; CABG, coronary artery bypass graft; CAG, coronary angiography; FIB, fibrinogen concentration; INR, international normalized ratio; LDL-C, low-density lipoprotein cholesterol; MPV, mean platelet volume; PCT, platelet-crit; PDW, platelet distribution width; P-LCR, platelet-to-large cell ratio; PLT, platelet; PT, prothrombin time.

[^2]: **Notes:** EM, no *CYP2C19* LOF allele and treated with 75 mg clopidogrel each day; IM75, one LOF allele and treated with 75 mg clopidogrel each day; IM150, one LOF allele and treated with 150 mg clopidogrel each day; and ISR, in-stent restenosis.

[^3]: **Notes:** Genotype (EM or IM) × clopidogrel dose (75 or 150 mg/d), interaction of genotype (EM or IM) and clopidogrel dose (75 or 150 mg/d); CABG, coronary artery bypass graft; EM, no *CYP2C19* LOF allele; IM, one *CYP2C19* LOF allele; IM75, one LOF allele and treated with 75 mg clopidogrel each day; IM150, one LOF allele and treated with 150 mg clopidogrel each day.
